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ABSTRACT  The binding of glucagon to the cell surface and the pathway
of intracellular transport of the hormone in isolated mouse hepatocytes were
studied by autoradiography, colloidal gold-labeled glucagon (Au-glucagon), and
biochemical methods. In cells incubated with '251-glucagon at 4°C, the label
was mainly localized to the plasma membrane even after 60 min of incubation.
At 20°C, the labeled ligand was internalized by the cells and the amount of
internalized ligand increased with time of incubation. At 37°C, the ligand was
rapidly internalized and found to be associated with coated or uncoated vesi-
cles. Au-glucagon experiments revealed clearly the process of internalization
of glucagon. Au-glucagon bound to the plasma membrane was transported to
coated regions and then internalized into vesicles via coated pits. Biochemical
results supported these findings from autoradiography and Au-glucagon exper-
iments. Thus, glucagon is internalized by hepatocytes via receptor-mediated

endocytosis.

Glucagon has been supposed to be internal-
ized by cells via receptor-mediated endocyto-
sis (Barazzone et al., 1980) like a number of
other polypeptide hormones, growth factors,
and macromolecules (Ashwell and Morel},
1974; Dickson et al., 1981; Kahn et al., 1981;
Kaplan, 1981; Pastan and Willingham, 1981;
Schlessinger et al., 1978; Willingham et al.,
1981; Harding et al., 1983; Dautry-Varsat et
al., 1983). Recently, Ackerman et al. (1983)
showed evidence for receptor-mediated endo-
cytosis of glucagon in leukocytes using colloi-
dal gold-labeled glucagon. However, the
process of binding of glucagon to the cell sur-
face and the pathway of intracellular trans-
port of the hormone in hepatocytes of the
liver, the major target organ, has not been
fully elucidated yet. There have been a few
reports on autoradiographic analysis of the
process in hepatocytes (Barazzone et al., 1980;
Watanabe et al., 1982; Asada-Kubota et al.,
1983). However, these authors have been un-
able quantitatively to associate labeled glu-
cagon with structures showing morphologic
characteristics of endocytic vesicles.

In the present study, therefore, we exam-
ined the process of binding and internaliza-
tion of glucagon in isolated mouse hepato-
cytes not only by autoradiography but also
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colloidal gold-labeled glucagon and biochem-
ical methods.

MATERIALS AND METHODS

Male ddY mice, 8-10 weeks old, were used.
They had free access to food and water prior
to the experiments. Cells were isolated from
livers by perfusion of a collagenase contain-
ing solution via the portal vein (Klauning et
al., 1981) under Nembutal anesthesia. The
parenchymal cells were separated from non-
parenchymal cells by four centrifugations at
50g for 1 min at 4°C (Watanabe et al., 1983).
Isolated hepatocytes were suspended in
Hanks’ solution (pH 7.4) containing 1% bo-
vine serum albumin (BSA) at 4°C prior to
incubation and used within an hour after
isolation.

Autoradiography

Isolated hepatocytes (5 x 10% were sus-
pended with 0.4 nM'?®I-glucagon (New Eng-
land Nuclear, Boston, MA,; specific activity
of 80-170 pCi/ug) in 1 ml of Krebs-Ringer
bicarbonate buffer (pH 7.5) containing 3%
BSA (Sigma) and 0.6 mM bacitracin and in-
cubated at 4 or 37°C in plastic tubes. The
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incubation was performed in duplicate. Non-
specific binding was estimated by adding 50
ug of unlabeled glucagon to the medium.
After incubation for 3, 10, or 30 min, 1 ml of
cold Krebs-Ringer bicarbonate buffer (pH 7.5)
was added to the incubation medium, the
mixture was centrifuged at 100g for 30 sec at
4°C, and the supernate was quickly re-
moved. The cell pellets were washed with the
cold buffer by four suspensions and centrifu-
gations at 100g for 1 min at 4°C. The cell
pellets were fixed in 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) for 1 hr at
4°C, washed in 0.1 M phosphate buffer (pH
7.4) containing 5% sucrose for 30 min at 4°C,
and postfixed in cold buffered 2% osmium
tetroxide for 1 hr. The pellets were dehy-
drated with graded ethanol and embedded in
Spurr’s resin. Thin sections cut from the
Spurr blocks were placed on collodion coated
copper grids, stained with uranyl acetate, and
coated with evaporated carbon, approxi-
mately 5 nm in thickness. The grids were
coated with Sakura NR-H2 emulsion by a
wire loop method (Caro et al., 1962), exposed
for 6 weeks at 4°C, and developed with Kon-
idol X. The sections were stained with lead
citrate and examined on a Hitachi H-700H
electron microscope.

Preparation of Colloidal Gold-Labeled
Glucagon (Au-Glucagon)

Gold particles, 20 nm in average diameter,
were made as described by Frens (1973). Glu-
cagon-BSA conjugate was prepared accord-
ing to the method of Ackerman et al., (1983).
Adsorption isotherms were used to deter-
mine optimal concentrations for labeling.
Glucagon-BSA-colloidal gold complex (Au-
glucagon) was prepared from the glucagon-
BSA conjugate and colloidal gold according
to the methods of Ackerman et al. (1983).
However, colloidal gold ‘solution adjusted to
pH 7.5 was used because the Au-glucagon
showed stability between pH 7.0-8.0. Three
milliliters of Au-glucagon thus prepared was
suspended in 30 ml of 0.005 M sodium chlo-
ride containing 0.12% polyethylene glycol
(MW 20,000), and centrifuged at 10,000g for
1 hr at 4°C to eliminate free glucagon, BSA,
and glutaraldehyde. The precipitate, Au-glu-
cagon, was suspended in 6 ml of 0.05 M Tris-
HC1 buffer (pH 7.6) containing 4% polyvinyl
pyrrolidone, 3% BSA, 0.6 mM bacitracin, and
0.12% polyethylene glycol. Polyvinyl pyrroli-
done, BSA, and polyethylene glycol were
used for adjusting the osmolality of this so-
lution, for blocking nonspecific bind of Au-
glucagon to albumin receptors on the plasma
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membrane, and for stabilizing the gold par-
ticles, respectively. ?5I-glucagon-BSA-colloi-
dal gold complex was also prepared to test
the effectiveness of conjugation of glucagon
and BSA. One milliliter of the Au-glucagon
solution contained approximately 10 ug glu-
cagon and about 110-150 molecules of gluca-
gon were bound to one gold particle. The
number of glucagon molecules bound to one
gold particle was calculated as follows. The
radioactivity of Au-glucagon was measured
with an auto gamma counter (Packard, 5330).
The radioactivity was divided by gram mo-
lecular weight of glucagon and multiplied by
Avogadro’s number to obtain the number of
glucagon molecules per milliliter of the la-
beled colloidal gold. The number of gold par-
ticles per milliliter of the original unbound
colloid was calculated by the method of Ack-
erman et al. (1983).

Binding and Internalization of Au-Glucagon

The cells (5 x 10°) were suspended in 1 ml
of the Au-glucagon solution and incubated
for 3,5,10, or 30 min at 4°C, or 3,5, or 10 min
cat 37°C. As control, the cells were incubated
in the solution containing excess (300 ug/mb)
unlabeled glucagon. Gold-labeled BSA (Au-
BSA) was also used as a control. Au-BSA was
prepared by exposing BSA. 0.05% glutaral-
dehyde prior to colloidal gold labeling and
then by labeling according to the method of
Geoghegan and Ackerman (1977). After in-
cubation in Au-glucagon solution, the cells
were washed twice with cold 0.1 M Tris-HC1
buffer (pH 7.6) containing 5% sucrose by cen-
trifugations at 100g for 1 min at 4°C and
fixed in 2% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4) for 30 min at 4°C. The
cells were postfixed in cold buffered 1% OsO,4
for 1 hr, dehydrated, and embedded in Spurr’s
resin.

Biochemical assay of cell-associated Au-glu-
cagon was performed using colleidal gold-
labeled 12‘r’I-glucagon (Au-12%Tglucagon). Cells
(5 x 10°) were incubated in 1 ml of the me-
dium containing 3 nM of Au-'?*I-glucagon or
gold-free 125I-glucagon at 37°C, washed as de-
scribed above, and cell-associated radioactiv-
ity was determined in an auto gamma counter.

Morphomeitry of Grains and Gold Particles

The grain distribution histograms were ob-
tained according to the method of Barazzone
et al. (1980). Six Spurr blocks were used per
each time point examined. Six sections were
cut from each block and two photographs of
midplane sections of hepatocytes were taken
from each section at x 5,000. Ten of the 12
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photographs were used for the analysis, and
the distance between grain center and the
plasma membrane was measured.

To establish whether internalized grains
were preferentially associated with lyso-
somes, the probability circle method (Stdubli
et al., 1977) was used. About 130 grains were
photographed at x 10,000 from six sections
cut from three blocks. The half distance (280
nm) was derived from the distribution of 12°1-
irradiation around a defined line source ob-
tained from Na 1221 injected mouse thyroid
gland according to the method of Bergeron et
al. (1977). The total points accumulated in
lysosomes or whole cytoplasm were counted
and expressed as a percentage of the total
number of grains counted. The volume den-
sity of lysosomes, calculated by the method
of Weibel (1979), was used as reference for
the grain counting.

Number of Au-glucagon bound to the cells
was determined by the following method.
Four blocks were randomly selected per each
time point examined. One section was cut
from each block, and ten photographs of a
portion of the cells (one portion per cell) con-
taining the plasma membrane were taken at
X 10,000 from the section. The photographs
were enlarged to a final magnification of x
20,000. Five of the ten photographs were cho-
sen at random, and cytoplasmic area in each
photograph corresponding to an area of 440
um“ was estimated using the point counting
method (Weibel, 1979). The number of gold
particles localized both along the plasma
membrane and within the cytoplasm were
counted. Thus, the number of gold particles
per 100 um? cytoplasm was calculated. Fur-
ther, the number of gold particles along
coated or uncoated regions of the plasma
membrane and of the particles in vesicles or
cytoplasmic matrix were counted. The values
were epxressed as a percentage of total num-
ber of the particles.

Incubation and Assay of Cell-Associated
Radioactivity

Isolated hepatocytes were incubated with
0.4nM ?5T.glucagon for 3,5,10,20,30,45,60, or
90 min at 4, 20, or 37°C, washed as described
above, and then cell-associated radioactivity
was determined in a gamma counter.

Assay of Cell Surface and Intracellular
Radioactivity

The cells, incubated with 0.4nM 12%I.glu-
cagon for 3,5,10,20,30,45, or 60 min at 4, 20,
or 37°C, and washed as described above, were
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immersed in 1 mli of 0.1 M phosphate buffer
(pH 7.4) containing 0.05% trypsin and 0.9%
sodium chloride for 30 min at 4°C. The cells
were centrifuged at 500g for 10 min at 4°C,
and radioactivity of the supernates and cell
pellets was determined in a gamma counter.

Assay of Glucagon Degradation

The supernates, removed after incubation
with ?5T-glucagon, were poured into 2 ml of
cold 10% trichloroacetic acid (TCA), shaken
for a few seconds using a Vortex mixer, cen-
trifuged at 500g for 15 min at 4°C, and the
radioactivity of TCA soluble and TCA precip-
itate fractions were determined in a gamma
counter.

RESULTS

About 98% of the isolated cells obtained
finally were parenchymal cells as deter-
mined by phase contrast microscopy. The av-
erage number of parench;fmal cells yielded
from a liver was 8 x 10‘. On the basis of
trypan blue exclusion, about 90% of the cells
were viable.

Autoradiography

At 4°C, developed grains were mainly lo-
calized to the plasma membrane, although
the number of grains increased with time of
incubation. Very few grains were observed
over the cytoplasm and nuclei. In the cells
incubated at 37°C for 3 min, although some
grains were associated with the plasma
membrane, most grains were already pres-
ent over the cytoplasm. The internalized la-
bel was mainly localized to coated or
uncoated vesicles and sometimes to other cell
organelles and ctyoplasmic matrix Fig.
1A B). At 10 min of incubation, the distribu-
tion of the grains was similar to that at 3
min (Fig. 2). At 30 min, the grains were not
exclusively localized to any specific organ-
elles and were decreased in number (Fig. 3).
During the incubation, very few grains were
observed over nuclei. In the cells incubated
with excess unlabeled glucagon, a few grains
were occasionally seen along the plasma
membrane and over the cytoplasm.

The grain-distribution histograms showed
that at 4°C the grains were almost exclu-
sively bound to the plasma membrane dur-
ing 30 min of incubation (Fig. 4A). However,
relatively much labeled material was al-
ready internalized by the cells incubated at
37°C for 3 min (Fig. 4B). The nonspecific
binding and background was less than 15%
of the total grains.
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Figs. 1-3. Autoradiograms of portions of isolated
mousechepatocytes incubated with 0.4 nM %5I.glucagon
at 37°C.

Fig. 1A,B. Incubated for 3 min. The labels are al-
ready internalized into the cytoplasm. However, tangen-
tial sections through the plasma membrane infoldings
could account for cytoplasmic label. Some of the grains

are seen associated with coated regions of the plasma
membrane (arrows). A, x30,000. B, x36,000. Bars = 0.5
pm.

Fig. 2. Incubated for 10 min. The grains are seen
associated with coated or uncoated vesicles. x18,500.
Bar = 0.5 um.



INTERNALIZATION OF GLUCAGON BY HEPATOCYTES

561

Fig. 3. Incubated for 30 min. The grains decrease markedly in number. Although many
lysosomes are observed, the grains are not seen associated with them. X15,000. Bar = 0.5um.

The grains in the cells incubated at 37°C for
3,10,0r 30 min, analyzed by the probability cir-
cle method (Staubli et al., 1977), were not ex-
clusively localized to lysosomes(Table 1).

Au-Glucagon

By both visual inspection and quantitative
analysis, Au-glucagon was localized on the
plasma membrane during 30 min of incuba-
tion in the cells incubated at 4°C (Table 2).
At 37°C, Au-glucagon was localized on the
plasma membrane at 3 min of incubation.
After 5 min, the ligand was internalized into
the cytoplasm via coated pits (Fig. 5A,B), and
about 15% of Au-glucagon was internalized
and localized within the vesicles at 10 min
(Fig. 5C).

To determine whether Au-glucagon was lo-
calized to coated regions of the plasma mem-
brane, gold particle distribution was ana-
lyzed (Table 2). At 4°C, Au-glucagon was ran-
domly bound to the plasma membrane. How-
ever, at 37°C, 20-35% of Au-glucagon was
localized to coated pits and coated vesicles.

When the cells were incubated with Au-
BSA, very low binding of gold particles to the
plasma membrane was observed. In the cells
incubated with Au-glucagon and excess un-
labeled glucagon (300 pg/ml), very few gold
particles were seen.

Binding of Au-'?*I-glucagon to the cells was
inhibited by excess unlabeled glucagon, in-
dicating that the binding was specific (Fig,
6). The binding of Au-'?°I-glucagon was lower
than that of gold-free 12°I-glucagon.

Biochemical Results
Radioactivity associated with the cells.

When the cells were incubated at 4°C, the
ligand was slowly bound, and the steady-
state binding was reached at 60 min and
maintained at least until 90 min (Fig. 7). At
20°C, high steady-state binding was reached
at 30 min. At 37°C, the ligand was rapidly
associated with the cells, showing a peak of
binding between 3 and 20 min. About 7-15%
of the total binding was nonspecific at each
time point of incubation.
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Fig. 4A,B. Grain distribution histograms of “25.glu-
cagon binding to hepatocytes after incubation with 0.4
nM ®1glucagon at 4°C for 30 min (A) or at 37°C for 3
min (B). The grains within 2.5 ym from the plasma
membrane were analyzed. The distance between the
grain center and the plasma membrane was measured,
and the percentage of total number of the grains was
plotted as function of the distance. Histograms from the
cells incubated at 37°C for 10 or 30 min are similar to
this histogram (B). PM, plasma membrane.

Cell surface and intracellular radioactivity

At 4°C, all of the bound ligand was tryspin
sensitive even after 60 min of incubation,
indicating that all ligand was bound to the
cell surface (Fig. 8A). At 20°C, the amount of
trypsin-resistant ligand increased with time
of incubation, and about 15% of the ligand
was trypsin resistant at 60 min of incubation
(Fig. 8B). At 37°C, about 20% of the ligand
was found to be already trypsin resistant at
3 min; then the amount of internalized li-
gand did not change, although that of tryp-
sin-sensitive ligand decreased (Fig. 8C). Thus,
internalization of the ligand occurred at 20
and 37°C.
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Glucagon degradation

At 4°C, 5Lglucagon was not degraded
(Table 3). At 20°C, the radioactivity ap-
peared in a TCA solube fraction, and at 37°C
about one half of the added ligand was de-
graded by the cells by 30 min.

DISCUSSIONS

As revealed in the present autoradiograms
and grain-distribution histograms, labeled
glucagon is localized to the plasma mem-
brane of hepatocytes during incubation at
4°C, and most labels are internalized by the
cells at 37°C. This result is consistent with
observations of Barazzone et al. (1980) on
isolated rat hepatocytes and of Watanabe et
al. (1982) and Asada-Kubota et al. (1983) on
hepatocytes of intact mouse liver. However,
the internalized grains are associated pref-
erentially with coated and uncoated vesicles
in the present results. The apparent locali-
zation of the label to the vesicles in hepato-
cytes was not described in the previous
reports (Barazzone et al., 1980; Watanabe et
al., 1982; Asada-Kubota et al., 1983). It is
suspected that glucagon bound to the plasma
membrane is internalized into the vesicles.

The qualitative and quantitative results of
Au-glucagon experiments reveal more accu-
rately the process of binding of glucagon to
hepatocyte surface and of the internalization
of the ligand by the cells. Au-glecaugon bound
to the plasma membrane is transported to
the coated regions and then translocated into
the cytoplasmic vesicles via coated pits.
Therefore, glucagon is internalized by hepa-
tocytes via receptor-mediated endocytosis.
Thus, morphologic evidence of the internali-
zation of glucagon by hepatocytes via recep-
tor-mediated endocytosis was obtained for the
first time by the use of the Au-glucagon
method. Generally, it appears difficult to doc-
ument the process of receptor-mediated en-
docytosis by autoradiography. Barazzone et
al. (1980) reported that only less than 1% of
the grains analyzed were associated with
coated regions. However, the present results
show that more than 18% of gold particles
seen on the plasma membrane, was bound to
coated regions.

The present biochemical results support the
findings of the autoradiography and Au-glu-
cagon experiments. Further, the results show
that the ligand is internalized more slowly
at 20°C than at 37°C, and, therefore, the
internalization of glucagon by hepatocytes is
temperature dependent.
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TABLE 1. Relationship of the grains to lysosomes
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1

No. of No. of test No. of test Volume
Time grains points on whole points on B - density of
(min) analyzed cytoplasm (A) lysosomes (B) A lysosomes (D) C/D
3 132 629 8 0.0127 0.0151 0.84
10 127 611 7 0.0115 0.0124 0.93
30 129 635 14 0.0220 0.0289 0.76

1The grains in the cells incubated at 37°C for 3, 10, and 30 min were analyzed as described in the text. Volume density:

#%/u® cytoplasm.

TABLE 2. Distribution of Au-glucagon and Au-BSA in isolated mouse hepatocytes'

No. of particles Plasma membrane bound Internalized
No. of per cell sectioned
counted (N0./100 pm? Uncoated Coated Vesicle Cell matrix
Ligands particles cytoplasm) (%) (%) (%) (%)
4°C 30 min
Au-G 136 10.4 94.1 5.9 0 [
Au-GC 18 1.1 88.9 11.1 0 0
Au-BSA 21 1.5 95.2 4.8 0 0
37°C 3 min
Au-G 107 13.5 75.7 224 1.8 0
Au-GC 15 2.0 86.7 13.3 0 0
Au-BSA 14 0.6 85.7 14.3 0 0
10 min
Au-G 114 12.5 64.0 18.4 15.8 1.8
Au-GC 21 1.6 85.7 14.2 0 0
Au-BSA 16 1.1 87.5 6.3 6.3 0

The cells were incubated with 1 ml of Au-glucagon (Au-G) or Au-BSA reagent. As control, the cells were incubated with Au-glucagon
in the presence of excess (300 ug/ml) unconjugated glucagon (Au-GC).

The present results demonstrate that cell-
associated radioactivity (both cell surface and
intracellular) increases rapidly during the
first 10 min of incubation at 37°C, and then
decreases markedly. Similar findings were
reported by Sonne et al. 1978) and Baraz-
zone et al. (1980). Although Sonne et al. (1978)
considered the decrease in the activity as
dissociation of ligand from the receptor, Bar-
azzone et al. (1980) supposed the decrease to
be degradation of the ligand by hepatocytes.
The present results (assay of glucagon deg-
radation) indicate that the decrease in radio-
activity is probably due to degradation of the
ligand in the medium by hepatocytes, as sug-
gested by Barazzone et al. (1980). In contrast
to the physiological temperature, higher
binding of the ligand was maintained at 20°C
in this study. This is probably because the
ligand is degraded more slowly at 20°C than
at 37°C. Dunn et al. (1980) have found that
the fusion of endocytotic vesicles and lyso-

somes does not occur at temperatures below
20°C.

A quantitative autoradiographic study of
Barazzone et al. (1980) revealed that, in iso-
lated rat hepatocytes incubated with %51
glucagon at 37°C for 10 min, most grains
were bound to the plasma membrane, and
internalization of the ligand occurred by 30
min of incubation. In the present results, la-
beled-glucagon is internalized already at 3
min of incubation. Mirel et al. (1978) used
the Scatchard analysis (Scatchard, 1948) for
chemical study of glucagon receptor in hepa-
tocgtes, and found that half-maximal binding
of ?°I.glucagon to the plasma membrane
preparations from rat and mouse livers oc-
curred at concentrations of 3.7 x 1072 M and
48 x 1072 M ®l.glucagon, respectively.
This probably corresponds to the difference
in the rate of internalization of glucagon be-
tween the observations of Barazzone et al.
(1980) and ours. Thus, glucagon is internal-
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Fig. 5A-C. Portions of hepatocytes incubated with Au- cation. Gold particles are localized to the coated pit and
glucagon at 37°C for 5 (A,B) or 10 (C) min. A. Gold in the coated vesicle. x75,000. Bar = 0.1 um. C. Gold
particles are seen on cell surface and in cytoplasmic particles are seen in cytoplasmic vesicles (arrowheads).
vesicles. X10,000. Bar = 1 um. B. High power magnifi- x24,000. Bar = 0.5 pm.
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Fig. 6. Time-course binding of 3 nM Au-'2®I.glucagon
(@) or gold-free ®I-glucagon (O) to isolated mouse he-
patocytes with () or without (—) 300 pg/m! unlabeled
glucagon at 37°C. Values are means of two experiments.

ized more rapidly by mouse hepatocytes than
rat hepatocytes. However, the cause of this
difference between mouse and rat hepato-
cytes is unknown.

Au-glucagon contains albumin as a media-
tor for binding of glucagon and gold particles.
Therefore, the presence of the receptor for
albumin in hepatocytes is a problem. How-
ever, it has been confirmed that albumin up-
take into the liver is mainly due to
endothelial and Kupffer cells and that only a
small amount of albumin is taken up by he-
patocytes (Praaning-van Dalen et al., 1981).
Further, BSA, added to the incubation me-
dium, serves to inhibit the nonspecific bind-
ing of Au-glucagon to hepatocytes.

The uptake of Au-glucagon by the cells in
the present biochemical results appears
markedly low compared to that of gold-free
1257 glucagon. Glucagon is bound multiva-
lently to one gold particle. Therefore, the
amount of label bound to a glucagon receptor
is less in Au-glucagon than 125I-glucagon.
Horisberger (1981) observed that the amount
of gold particles bound to cells was decreased
with increasing size of the particles. The au-
thor supposed that “large particles could
cover many receptors in a cluster,” “macrom-
olecules bound to gold particles were less pli-
able than those in the native state and might
not reach receptors,” and “some receptors
were inaccessible to the larger particles ow-
ing to a too narrow spacing of glycoproteins
on the cell surface.” Further, the internali-
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TABLE 3. Analysis of media radioactivity of 12°I-
glucagon incubated with isolated mouse hepatocytes®

Percent of %5I-glucagon
degraded

Temperature 30 min 60 min

4°C 1.8 + 0.45 1.7 +0.37
20°C 89 + 1.86 16.2 + 0.92
37°C 42.1 + 3.88 67.0 + 525
Incubated 1.2 4+ 0.30 1.3 + 0.11

without cells

at 37°C

!An aliquot of the incubation media was analyzed by
trichloroacetic acid precipitation. Values are means + SD for
five experiments.

zation of Au-glucagon is somewhat slower
than that of 125]-glucagon in the cells incu-
bated at 37°C for 3 or 10 min. This is also
probably due to very large size of Au-gluca-
gon compared to that of 125]-labeled glucagon.
Ackerman et al. (1983) observed that tub-
ulo-vesicles containing Au-glucagon were
transported to the Golgi region in neutro-
phils, and the tubulo-vesicles fused directly
with lysosomes in monocytes after 10 or 45
min incubation at room temperature. In the
present study, however, although internal-
ized Au-glucagon was found in vesicles, such
a close relation between the vesicles and
Golgi region or lysosomes was not observed.
It is not known that the reason for this disa-
greement is whether our finding is from the
cells incubated with Au-glucagon at 37°C for
10 min or the vesicles originally are not
transported to Golgi region or lysosomes in
hepatocytes. In this study, incubation of the
cells with Au-glucagon at 37°C for 20 min or
longer was not carried out, because, in our
preliminary experiments, a marked dilation
of the smooth endoplasmic reticulum, which
was indistinguishable from the vesicles, oc-
curred in the periphery of the cells.
Barazzone et al. (1980) reported that inter-
nalized 2%I-glucagon associated preferen-
tially with lysosomes in rat hepatocytes
incubated at 37°C for 30 min. Canivet et al.
(1981) found that the lysosomotropic re-
agents, such as ammonium chloride or chlor-
oquine, partially inhibited the degradation
of cell-associated 25I-glucagon. Thus, as sug-
gested by Barazzone et al. (1980), lysosomes
were supposed to be involved with degrada-
tion of internalized glucagon. Nevertheless,
the present results, as well as our previous
observations on hepatocytes in vivo (Watan-
abe et al., 1982; Asada-Kubota et al., 1983),
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show that the internalized ligand is not ex-
clusively localized to lysosomes.

Similar contradictory results have been re-
ported for insulin. Gorden et al. (1978) and
Carpentier et al. (1979a,b) reported that the
internalized *““l-insulin was localized and
degraded in lysosomes in isolated rat hepa-
tocytes and hepatocytes of intact liver. How-
ever, Bergeron et al. (1979) and Goldfine et
al. (1978) found that insulin did not prefer-
entially localize to lysosomes in hepatocytes
of intact rat liver and cultured human lym-
phocytes. Further, Renston et al. (1980)
showed that the internalized insulin was se-
creted into the bile. It is possible that gluca-
gon is transported not only to lysosomes but
also to other unknown degradation sites by a
vesicular transport mechanism. The fates of
other ligands than glucagon and insulin in
cells appear also various. Ashwell and Morell
(1974) and Dunn et al. (1979) reported that
asialofetuin was internalized by hepatocytes
and transported to lysosomes. Dautry-Varsat
et al. (1983) and Harding et al. (1983) found
that transferrin was internalized via endo-
cytosis by reticulocytes, and iron was deliv-
ered to the cells but iron free transferrin was
exocytosed.
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